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Acclimatory adjustments of foliar minor loading veins in response to growth at different
temperatures and light intensities are evaluated. These adjustments are related to their
role in providing infrastructure for the export of photosynthetic products as a prerequisite
for full acclimation of photosynthesis to the respective environmental conditions. Among
winter-active apoplastic loaders, higher photosynthesis rates were associated with greater
numbers of sieve elements per minor vein as well as an increased apparent total membrane
area of cells involved in phloem loading (greater numbers of cells and/or greater cell
wall invaginations). Among summer-active apoplastic loaders, higher photosynthesis rates
were associated with increased vein density and, possibly, a greater number of sieve
elements and companion cells per minor vein. Among symplastic loaders, minor loading
vein architecture (number per vein and arrangement of cells) was apparently constrained,
but higher photosynthesis rates were associated with higher foliar vein densities and
larger intermediary cells (presumably providing a greater volume for enzymes involved in
active raffinose sugar synthesis). Winter-active apoplastic loaders thus apparently place
emphasis on adjustments of cell membrane area (presumably available for transport
proteins active in loading of minor veins), while symplastic loaders apparently place
emphasis on increasing the volume of cells in which their active loading step takes place.
Presumably to accommodate a greater flux of photosynthate through the foliar veins,
winter-active apoplastic loaders also have a higher number of sieve elements per minor
loading vein, whereas symplastic loaders and summer-active apoplastic loaders have a
higher total number of veins per leaf area. These latter adjustments in the vasculature
(during leaf development) may also apply to the xylem (via greater numbers of tracheids per
vein and/or greater vein density per leaf area) serving to increase water flux to mesophyll
tissues in support of high rates of transpiration typically associated with high rates of
photosynthesis.

Keywords: apoplastic loaders, companion cells, intermediary cells, minor loading veins, phloem loading,

photosynthetic capacity, sieve elements, symplastic loaders

INTRODUCTION
Foliar vasculature, as the network of tissue linking the leaf ’s
chloroplast-containing mesophyll cells to the rest of the plant,
should be expected to display some concomitant adjustments to
those of photosynthesis during leaf development. Correlations
between xylem hydraulic conductivity and photosynthesis (e.g.,
Hubbard et al., 2001; Brodribb et al., 2005; Nardini et al., 2005;
Sack and Holbrook, 2006) have thus far led investigations of
the relationship between leaf venation and photosynthesis (Boyce
et al., 2009; Beerling and Franks, 2010; Brodribb and Field, 2010;
Brodribb et al., 2010; McKown et al., 2010; Blonder et al., 2011;
Walls, 2011). In addition, we (Adams et al., 2005, Adams et al.,
2007; Amiard et al., 2005) and others (Ainsworth and Bush, 2011;
Nikinmaa et al., 2013) have suggested that the export of carbohy-
drates from leaves might also be tightly coupled to photosynthesis
rate.

Several principal adjustments of foliar phloem (during leaf
development) can be envisioned to affect the capacity for car-
bohydrate export from the respective leaves. For apoplastic
loaders, which rely on membrane-spanning proteins [adenosine

triphosphatases (ATPases) to actively pump protons into the cell
wall space and, e.g., sucrose-H+ co-transporters to move sucrose
from the apoplast into the phloem], a greater total membrane area
of cells engaged in active loading of sugars or sugar alcohols could
be achieved via greater cell wall invagination, greater cell size,
or greater numbers of cells involved in loading. For symplastic
loaders, which rely on diffusion of sucrose into intermediary cells
(IC) and active synthesis of larger, raffinose sugars in ICs, ICs of
larger sizes may allow (i) a greater volume available for raffinose-
synthesizing enzymes and (ii) greater cell wall length available
for placement of plasmodesmatal channels for sugar movement.
For all leaves, regardless of phloem loading mechanism, a greater
flux of sugar-laden phloem sap should be afforded by a greater
number of foliar veins per leaf area, larger sieve elements, and/or
more sieve elements per vein. How might any of this be related
to photosynthesis? Manipulative experiments have clearly shown
that photosynthesis can be downregulated in response to inhibi-
tion of sugar export from leaves/needles (Krapp et al., 1993; Layne
and Flore, 1993; Krapp and Stitt, 1995; Myers et al., 1999; Paul and
Foyer, 2001; Urban and Alphonsout, 2007). This downregulation
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occurs via sugar repression of photosynthetic genes and lowers
intrinsic (light- and CO2-saturated) photosynthetic capacity for
photosynthesis – the latter of which should therefore be expected
to be directly dependent on the capacity to export the products of
photosynthesis from the leaf. In the following, we review evidence
indeed indicating such a linkage between the phloem structure of
foliar minor loading veins and intrinsic photosynthetic capacity
in those leaves.

LIMITS TO ACCLIMATORY RESPONSES OF FULLY DEVELOPED
LEAVES
Amiard et al. (2005) characterized fully expanded leaves and
intrinsic photosynthetic capacity of two apoplastically and two
symplastically loading species grown under low light (LL), high
light (HL), and transferred from LL to HL for 1 week. Intrin-
sic photosynthetic capacities of the apoplastic loaders pea (Pisum
sativum L. cv. Alaska) and spinach (Spinacia oleracea L. cv. Giant
Nobel; Figure 1A) were significantly higher in leaves of plants
grown under HL compared to LL, and were found to be equally
high in mature leaves of LL-grown plants following 1 week after
transfer to HL. This full upregulation of photosynthetic capacity
in transferred LL-grown leaves to the level seen in HL-grown leaves
was presumably facilitated by an increased level of ATPases and/or
sucrose-H+ co-transporters in the companion cells of spinach and
pea, with pea exhibiting significantly higher levels of compan-
ion cell wall ingrowths of HL-grown and LL to HL-transferred
leaves compared to LL-grown leaves (Amiard et al., 2005). Puta-
tive upregulation of the numbers of transport proteins involved
in sucrose export would facilitate increased sugar flux out of
the leaves Vaughn et al. (2002), preventing accumulation of non-
structural carbohydrates in the leaves (Figure 1B), and thereby
permitting full upregulation of photosynthetic capacity. Vein den-
sity per leaf area was not higher in leaves (of these apoplastic
loaders) developed in HL compared to LL, and also did not change
(in fully expanded leaves) following exposure of LL plants to HL
for seven days (Figure 1C). Similar results were reported for the
additional apoplastic loaders Arabidopsis thaliana (L.) Heynhold
Col-0 and Senecio vulgaris L., both of which also exhibited greater
cell wall ingrowths in transfer cells of HL-acclimated leaves com-
pared to LL-acclimated leaves (Adams et al., 2005, Adams et al.,
2007; Amiard et al., 2007).

Two symplastic loaders, pumpkin (Cucurbita pepo L. cv.
Autumn Gold; Figure 1D) and Verbascum phoeniceum L. (not
shown; see Amiard et al., 2005), also exhibited significantly higher
photosynthetic capacities when grown under HL compared to LL,
but neither species was capable of upregulating photosynthetic
capacity to the same high level exhibited by HL-grown leaves fol-
lowing transfer of LL-grown plants to HL for 1 week. Both species
also exhibited significantly lower foliar vein densities in LL com-
pared to HL, and vein density remained at that low level in (fully
expanded) leaves transferred from LL to HL (Figure 1F for pump-
kin; see Amiard et al., 2005 for V. phoeniceum). It is likely that
fixed physical features [low, unchanging plasmodesmata number
(determined from electron micrographs of the walls of interme-
diary cells; Amiard et al., 2005) and foliar vein density] of the
route for sugar export in these symplastic loaders limited the abil-
ity of LL-acclimated leaves to export increased levels of sugars

FIGURE 1 | Photosynthetic capacities, nocturnal retention of starch,

and vein densities of fully expanded leaves acclimated to high light

(HL), low light (LL), and 1 week after transfer from low to high light.

Photosynthetic capacity (light- and CO2-saturated rates of oxygen evolution
determined in a leaf disc oxygen electrode at 25◦C; Delieu and Walker,
1981) relative to that determined from fully expanded leaves of spinach (A)

and pumpkin (D) grown under HL, fractional area of the chloroplasts filled
with starch grains in spinach (B) and pumpkin (E) quantified from
cross-sections of palisade cells (examined with electron microscopy) from
fully expanded leaves collected predawn, and vein densities of fully
expanded leaves of spinach (C) and pumpkin (F). Plants were germinated
and grown under a 9-h photoperiod of 150 (spinach) or 100 (pumpkin) μmol
photons m−2 s−1(low light = LL), or under a 14-h photoperiod of
1000 μmol photons m−2 s−1 (high light = HL), or developed under LL and
subsequently transferred for 1 week to HL (LL→HL), all at 25◦C/20◦C
day/night temperature. Only leaves that had expanded fully under LL
(hatched portion of the LL→HL column) were characterized 1 week after
transfer to HL (filled portions of the LL→HL column). Means
(n = 3) ± standard deviation depicted in B, C, E, and F. Asterisk (*) and **
indicate significant differences at p < 0.05 and p < 0.01, respectively, and
n.s. = not significantly different (Students t -test). Data redrawn or
recalculated from Amiard et al. (2005). Photosynthetic capacities of leaves
from HL plants and LL transferred to HL plants were both significantly
higher than leaves of LL spinach plants (A), and photosynthetic capacities
of pumpkin leaves were significantly different from each other for all three
growth conditions (D).

synthesized by plants transferred from LL to HL, as indicated by
an accumulation of starch in pumpkin (Figure 1E), presumably
preventing full upregulation of photosynthetic capacity.

Spinach (a winter-active annual and apoplastic loader) and
V. phoeniceum (a biennial symplastic loader) both exhibited
upregulation of photosynthetic capacity in response to growth
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at low versus moderate temperature (Adams et al., 1995;
Dumlao et al., 2012). As during the acclimation to light intensity
described above, foliar vein density was significantly greater in
V. phoeniceum leaves that had developed under low versus mod-
erate temperature (matching the greater photosynthetic capacity
at low temperature), but was not significantly different between
growth temperatures for spinach (Dumlao et al., 2012). As will be
shown in the next section, spinach exhibited a greater number of
phloem cells per vein when grown at low temperature, presum-
ably providing for greater ATPase activity and sucrose loading of
the phloem to facilitate upregulation of photosynthetic capacity
at lower temperature. In contrast to the full or partial upregu-
lation of photosynthesis seen in mature leaves of apoplastic and
symplastic loaders upon transfer from LL to HL described above,
neither spinach nor V. phoeniceum exhibited any significant upreg-
ulation of photosynthetic capacity in mature leaves 1 week after
short-term transfer from moderate to low temperature growth
conditions (Dumlao et al., 2012).

SIEVE ELEMENT AND COMPANION CELL NUMBER ARE
RELATED TO PHOTOSYNTHETIC CAPACITY IN SEVERAL
WINTER-ACTIVE APOPLASTIC LOADERS
Arabidopsis thaliana (L.) Heynhold Col-0 and S. oleracea L. cv.
Giant Nobel (spinach) germinate in late summer to early autumn,
overwinter as a rosette of leaves, followed by bolting and flower-
ing during the lengthening, warmer days of spring. These winter
annuals, both of which are apoplastic loaders (Lohaus et al.,
1995; Haritatos et al., 2000), were grown under several combi-
nations of growth light and temperatures, i.e., warm (day/night
leaf temperatures of 25◦C/20◦C) versus cool (14◦C/8◦C) temper-
ature and moderate (400 μmol photons m−2 s−1) versus high
(1000 μmol photons m−2 s−1) light (9-h photoperiod), lead-
ing to leaves with different minor loading vein architecture and
photosynthetic capacities. All seeds were germinated under the
25◦C/20◦C leaf temperature regime and then either maintained
under those conditions or, following cotyledon development,
transferred to a 19◦C/15◦C leaf temperature regime for 7 days
followed by transfer to the leaf temperature regime for develop-
ment under cool temperature conditions. In all cases, only leaves
that were initiated and had developed fully under the respec-
tive conditions were characterized. Plants were maintained under
the respective light conditions from germination through devel-
opment and characterization. This protocol was followed for
A. thaliana and spinach, as well as all of the other species described
below.

For the winter annuals A. thaliana and spinach, growth under
lower temperature resulted in a greater number of sieve ele-
ments, companion cells, and phloem parenchyma cells in the
minor loading veins compared to growth at warm temperature,
as well as a higher intrinsic capacity of photosynthesis. This dif-
ference in phloem cell numbers is illustrated in Figure 2 for
A. thaliana grown at two temperatures under moderate light,
with a twofold higher photosynthetic capacity (Pmax) in leaves
grown at cool versus warm temperature. Growth under HL
further accentuated this difference in phloem anatomy; mean
(±standard error, n = 4 plants) sieve element number per
minor loading vein was 11.1 ± 0.3 (ranging between 8 and

FIGURE 2 | Sketches of representative minor loading veins from fully

expanded leaves of the winter annual Arabidopsis thaliana Col-0

grown under a 9-h photoperiod of 400 μmol photons m–2 s–1 at an

average day/night leaf temperature of 25◦C/20◦C (warm) or 14◦C/8◦C

(cool) and from fully expanded leaves of the summer annuals tobacco

and sunflower grown under a 9-h photoperiod of 1000 μmol photons

m–2 s–1 at an average day/night leaf temperature of 25◦C/20◦C. Filled
dark gray cells are companion cells (CC; 12 and 19 cells in the warm and
cool veins of A. thaliana, respectively), filled light gray cells are phloem
parenchyma cells (PC), small white cells within the gray cells are sieve
elements (SE; 6 and 9 cells in the warm and cool veins of A. thaliana,
respectively), cells with light gray adjacent to the cell walls are tracheids (T;
3 and 5 cells in the warm and cool veins of A. thaliana, respectively), and
large white cells around the tracheids are xylem parenchyma cells (XPC).
Photosynthetic capacities (light- and CO2-saturated rates of oxygen
evolution, Pmax in μmol O2 m−2 s−1) ± standard deviation obtained from
one leaf from each of four plants (n = 4) per growth condition provided
above each sketch. Mean photosynthetic capacities between A. thaliana
leaves grown at the two temperatures, and between tobacco and
sunflower leaves grown under the common conditions, were significantly
different at p < 0.001 (Student’s t -test).
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14) in leaves grown at 14◦C under HL versus 6.8 ± 0.3 (rang-
ing between 4 and 10) in leaves grown at 25◦ under moderate
light (p < 0.001, Student’s t-test). For spinach, grown under
the same conditions as A. thaliana above, sieve element num-
ber per minor loading vein was 12.0 ± 0.7 in leaves grown at
14◦C under HL versus 5.0 ± 0.7 in leaves grown at 25◦C under
moderate light (p < 0.001, Student’s t-test). See Cohu et al.
(in revision) for an in-depth analysis of the acclimation of foliar
vasculature to temperature and light among three ecotypes of
A. thaliana.

Furthermore, a remarkable linear relationship existed between
photosynthetic capacity and the product of phloem cell numbers
and foliar vein density for A. thaliana and spinach (Figure 3).
Phloem cell number, the number of all phloem cells of minor
loading veins directly associated with sieve elements, was nor-
malized for (multiplied by) foliar vein density since vein density
was approximately twice as great in leaves of spinach versus A.
thaliana (vein density did not vary within either of these species
in response to growth conditions; see also Candela et al., 1999;
Amiard et al., 2005; Adams et al., 2007). In both species, the
number of phloem cells (those associated with sieve elements
and the number of sieve elements themselves) and photosyn-
thetic capacity both increased with decreased temperature and
increased light intensity during growth (Figure 3). These findings
suggest that higher photosynthetic capacities can be supported by
higher levels of phloem loading (facilitated by a greater num-
ber of loading cells) and higher levels of sugar flux through
greater numbers of sieve elements in minor loading veins of
winter-active apoplastic loaders. While the intrinsic (light- and
CO2-saturated) capacity of photosynthesis shows the closest
correlation with various phloem vascular features (our unpub-
lished data), there is also a close relationship between intrinsic
photosynthetic capacity and in situ photosynthesis rates dur-
ing the actual growth conditions. Our comparisons between
intrinsic photosynthetic capacities and in situ rates of photosyn-
thetic electron transport estimated from chlorophyll fluorescence
parameters (not shown) indicate that (i) leaves grown at high
versus low light levels exhibit similarly greater rates of both
intrinsic photosynthetic capacity and photosynthetic electron
transport under growth conditions and (ii) leaves of winter annu-
als grown at cool versus warm temperatures show an association
between greater intrinsic photosynthetic capacities (measured at
25◦C) and maintenance of similar high actual rates of pho-
tosynthetic electron transport under growth conditions, while
leaves of cold-intolerant summer annuals show a failure to
increase intrinsic photosynthetic capacities (measured at 25◦C)
associated with much lower actual rates of photosynthetic elec-
tron transport when grown under cool versus warm growth
temperatures.

VEIN DENSITY, AND POSSIBLY NUMBERS OF PHLOEM CELLS
IN MINOR VEINS, ARE RELATED TO PHOTOSYNTHETIC
CAPACITY IN SEVERAL SUMMER-ACTIVE APOPLASTIC
LOADERS
In contrast to the winter-active apoplastic loaders A. thaliana
and spinach that exhibited no variation in vein density in
leaves that had developed under different growth conditions,

FIGURE 3 | Relationship between the light- and CO2-saturated rate of

oxygen evolution (photosynthetic capacity) and the product of vein

density times the number of companion and phloem parenchyma

cells adjacent to sieve elements in the minor loading veins from fully

expanded leaves of the apoplastic loaders Arabidopsis thaliana Col-0

(squares) and spinach (circles). Plants were grown under the following
light and temperature regimes: 9-h photoperiod of 400 μmol photons
m−2 s−1 under a day/night leaf temperature of 25◦C/20◦C (open symbols)
or 14◦C/8◦C (light gray symbols), or 9-h photoperiod of 1000 μmol photons
m−2 s−1 under a day/night leaf temperature of 25◦C/20◦C (dark gray
symbols) or 14◦C/8◦C (black symbols). Mean values ± standard deviation,
n = 3 to 4 leaves (one from each of three or four plants). The line is
described by y = 1.15x − 36, R2 = 0.81, and p < 0.003.

the greater photosynthetic capacities of HL-acclimated leaves
in the summer-active apoplastic loader tomato were associated
with vein densities that were significantly higher compared to
those of leaves that had developed in LL (Adams et al., 2007).
Furthermore, a comparison of two apoplastically loading sum-
mer annuals grown under common conditions of HL revealed
that sunflower (Helianthus annuus L. Soraya) possessed a greater
number of companion cells and sieve elements in the minor
veins (Figure 2), as well as a significantly higher vein density,
compared to tobacco (Nicotiana tabacum L.; 9.0 ± 1.7 versus
4.2 ± 0.6 mm vein length per mm2 leaf area, mean ± standard
deviation (SD), n = 4, p < 0.001, Student’s t-test). These foliar
vein features may provide for a greater flux of photosynthate out
of the leaves in support of photosynthetic capacities that were sig-
nificantly higher in sunflower leaves compared to tobacco leaves
(Figure 2).

INTERMEDIARY (COMPANION) CELL SIZE AND VEIN
DENSITY ARE RELATED TO PHOTOSYNTHETIC
CAPACITY IN SEVERAL SYMPLASTIC LOADERS
Under moderate growth light (400 μmol photons m−2 s−1),
the intermediary cells of the biennial symplastic loader V.
phoeniceum were larger in minor loading veins of leaves that had
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FIGURE 4 | Sketches (from light microscopic images) of representative

minor loading veins from fully expanded leaves of Verbascum

phoeniceum grown under a 9-h photoperiod of 400 μmol photons

m–2 s–1 at an average day/night leaf temperature of 25◦C/20◦C (warm)

or 14◦C/8◦C (cool) and of minor loading veins from fully expanded

leaves of cucumber and pumpkin grown under a 14-h photoperiod of

1000 μmol photons m–2 s–1 at an average day/night leaf temperature

of 25◦C/20◦C. Filled dark gray cells are intermediary (companion) cells (IC),
filled light gray cells are phloem parenchyma cells (PC), small white cells
are sieve elements (SE), and cells with light gray adjacent to the cell walls
are tracheids (T). Photosynthetic capacities (light- and CO2-saturated rates
of oxygen evolution, Pmax in μmol O2 m−2 s−1) ± standard deviation
obtained from one leaf from each of four plants (n = 4) per growth
condition provided above each sketch. Mean photosynthetic capacities
between V. phoeniceum leaves grown at the two different temperatures,
and between cucumber and pumpkin grown under the common
conditions, were significantly different at p < 0.001 (Student’s t -test).

developed under cool temperatures (day/night leaf temperatures
of 14◦C/8◦C) compared to leaves that had developed under warm
temperatures (25◦C/20◦C; Figure 4). As mentioned above, such
leaves also exhibited a greater vein density per leaf area when
grown at lower versus warmer temperature (Dumlao et al., 2012).
These differences in vein density and intermediary cell size are
associated with photosynthetic capacities that are approximately
twice as high in leaves grown at cool versus warm temperatures
(Figure 4; Dumlao et al., 2012). There was furthermore an asso-
ciation between greater vein density and higher photosynthetic
capacities for leaves of the symplastic loaders V. phoeniceum and
pumpkin when both were grown under HL compared to LL at
warm temperature (Amiard et al., 2005).

Similar general associations can also be seen between different
symplastically loading species grown under common conditions.
Two summer annual symplastic loaders, cucumber (Cucumis
sativus L. cv. Straight Eight) and pumpkin (Cucurbita pepo L.
cv. Autumn Gold), were grown under HL and warm tempera-
tures. Under these conditions, pumpkin had a higher foliar vein
density (9 ± 1 versus 6 ± 1 mm vein length per mm2 leaf area,
mean ± SD, n = 4, p < 0.01, Student’s t-test), larger interme-
diary cells associated with the sieve elements of minor loading
veins (Figure 4), and a significantly higher photosynthetic capac-
ity (Figure 4) compared to cucumber. For all symplastic loaders
examined here, higher photosynthetic capacities were thus cor-
related with (and presumably supported by) larger intermediary
cells (presumably with more enzymes for synthesizing raffinose
sugars) and higher foliar vein densities (to support a greater flux
of sugars through, and out of, the leaf).

THE INFRASTRUCTURE OF THE DISTRIBUTION SYSTEM MAY
SET THE LIMIT ON SUGAR FLUX AND, THEREBY, SUGAR
PRODUCTION CAPACITY
The findings presented here suggest that active sugar loading,
and the physical route for sugar export from sugar-producing
leaves, constitutes a potential limitation to leaf photosynthe-
sis – and that a greater capacity for phloem loading and for
sugar transport in foliar sieve elements allows for a greater leaf
photosynthetic capacity. In the economic analog presented in
Figure 5, increased investment in industrial production would
only be sustainable (profitable) if sufficient infrastructure were
available for distribution of more products to the consumer. Like-
wise, increased investment by the plant in expensive-to-maintain
photosynthetic machinery should only be expected if sufficient
sugar export infrastructure is available to distribute the result-
ing increased sugar production to the plants’ sugar-consuming
sinks.

Perhaps not surprisingly, different species with different evo-
lutionary histories and different mechanisms for exporting sol-
uble carbohydrates from their leaves exhibit different apparent
approaches to providing a high sugar export infrastructure. In
response to growth at lower temperature and/or higher light inten-
sities, winter-active apoplastic loaders exhibited greater levels of
cell wall invagination in transfer cells and/or greater total num-
bers of cells involved in active loading (both of which provide
for a greater overall membrane area for trans-membrane pro-
teins involved in active phloem loading), while a concomitant

www.frontiersin.org June 2013 | Volume 4 | Article 194 | 5

http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive


“fpls-04-00194” — 2013/6/13 — 15:51 — page 6 — #6

Adams et al. Foliar phloem infrastructure and photosynthesis

FIGURE 5 | Analogy between energy acquisition, distribution,

and consumption for petroleum versus the sugar produced in

photosynthesis. Scheme illustrating the role of the infrastructure of the
sugar-exporting phloem (illustrated in orange as the lower portion of the leaf
veins) in distributing sugar from the chloroplasts in the mesophyll cells of the
leaf (site of photosynthetic sugar synthesis) to the sites of sugar utilization
for the production of agronomically important plant materials (food, fuel,

and other products). The role of sugar-exporting phloem is analogous
to petroleum distribution infrastructure, where limited distribution
would be expected to put an upper limit on the investment into
the acquisition of petroleum. For details regarding the cellular arrangement
of the phloem in foliar minor loading veins, see Figures 2 and 4 for
representative examples from leaves with different phloem loading
mechanisms.

greater total number of sieve elements per minor loading vein
provides the necessary cross-sectional area for a greater sugar
flux capacity. While the winter-active apoplastic loaders exhib-
ited no phenotypic plasticity with regard to foliar vein density, the
summer-active apoplastic loader tomato developed a significantly
greater vein density in HL compared to LL, and a comparison
among two summer-active apoplastic loaders revealed a cor-
relation between vein density and photosynthetic capacity. In
symplastic loaders, the general architecture of the minor loading
veins (numbers and arrangement of cells) exhibited little or no
response to growth conditions, but cell size and foliar vein density
did exhibit acclimatory differences. Growth of symplastic loaders
at lower temperature (for a biennial species that persists through
winter) and/or higher light intensities (for summer annuals as
well as the biennial species) led to leaves with larger intermediary
cells (with a greater volume in which to accumulate raffinose-
synthesizing enzymes) and higher vein densities (to support a
greater overall flux of sugars out of the leaves).

The two principal adjustments to accommodate greater sugar
flux through the leaf ’s sieve elements (greater number of sieve

elements per minor loading vein versus greater total numbers of
veins per unit leaf area) are also strategies that might work equally
well in delivering more water through the xylem (greater number
of tracheids per vein, cf. A. thaliana in Figure 2, versus greater
density of foliar veins, e.g., Brodribb and Jordan, 2011) in support
of the transpirational water loss that typically accompanies pho-
tosynthetic CO2 uptake through the stomata. It will be interesting
to discover what adaptive and/or acclimatory (during leaf devel-
opment) adjustments to the minor loading veins (if any) species
from different major groups of plants (e.g., gymnosperms, mono-
cots) and/or with other life histories (e.g., seasonally deciduous
species, evergreen species) employ.

ACKNOWLEDGMENTS
Supported by the National Science Foundation (Award Numbers
IOS-0841546 and DEB-1022236 to Barbara Demmig-Adams and
William W. Adams III) and the University of Colorado at Boulder.
We also thank Tyler Dowd, Dr. Anza Darehshouri, Jared Stewart,
Emmo Scherbatskoy, and Johanna Protheroe for assistance with
the anatomical characterizations.

Frontiers in Plant Science | Plant Physiology June 2013 | Volume 4 | Article 194 | 6

http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive


“fpls-04-00194” — 2013/6/13 — 15:51 — page 7 — #7

Adams et al. Foliar phloem infrastructure and photosynthesis

REFERENCES
Adams, W. W. III, Amiard, V. S. E.,

Mueh, K. E., Turgeon, R., and
Demmig-Adams, B. (2005). “Phloem
loading type and photosynthetic
acclimation to light,” in Photosyn-
thesis: Fundamental Aspects to Global
Perspectives, eds A. van der Est and
D. Bruce (Lawrence: Allen Press),
814–816.

Adams, W. W. III, Hoehn, A., and
Demmig-Adams, B. (1995). Chilling
temperatures and the xanthophyll
cycle. A comparison of warm-grown
and overwintering spinach. Aust.
J. Plant Physiol. 22, 75–85. doi:
10.1071/PP9950075

Adams, W. W. III, Watson, A. M., Mueh,
K. E., Amiard, V., Turgeon, R., Ebbert,
V., et al. (2007). Photosynthetic accli-
mation in the context of structural
constraints to carbon export from
leaves. Photosynth. Res. 94, 455–466.
doi: 10.1007/s11120-006-9123-3

Ainsworth, E. A., and Bush, D. R.
(2011). Carbohydrate export from
the leaf: a highly regulated process
and target to enhance photosynthesis
and productivity. Plant Physiol. 155,
64–69. doi: 10.1104/pp.110.167684

Amiard, V., Demmig-Adams, B., Mueh,
K. E., Turgeon, R., Combs, A. F.,
and Adams, W. W. III (2007). Role
of light and jasmonic acid signaling
in regulating foliar phloem cell wall
ingrowth development. New Phytol.
173, 722–731. doi: 10.1111/j.1469-
8137.2006.01954.x

Amiard, V., Mueh, K. E., Demmig-
Adams, B., Ebbert, V., Turgeon,
R., and Adams, W. W. III (2005).
Anatomical and photosynthetic accli-
mation to the light environment in
species with differing mechanisms of
phloem loading. Proc. Natl. Acad.
Sci. U.S.A. 102, 12968–12973. doi:
10.1073/pnas.0503784102

Beerling, D. J., and Franks, P. J.
(2010). The hidden cost of transpi-
ration. Nature 464, 495–496. doi:
10.1038/464495a

Blonder, B., Violle, C., Bentley, L.
P., and Enquist, B. J. (2011). Vena-
tion networks and the origin of the
leaf economics spectrum. Ecol. Lett.
14, 91–100. doi: 10.1111/j.1461-
0248.2010.01554.x

Boyce, C. K., Brodribb, T. J., Feild, T.
S., and Zwieniecki, M. A. (2009).
Angiosperm leaf vein evolution was

physiologically and environmentally
transformative. Proc. R. Soc. B
Biol. Sci. 276, 1771–1776. doi:
10.1098/rspb.2008.1919

Brodribb, T. J., and Feild, T. S.
(2010). Leaf hydraulic evolution led a
surge in leaf photosynthetic capacity
during early angiosperm diversifica-
tion. Ecol. Lett. 13, 175–183. doi:
10.1111/j.1461-0248.2009.01410.x

Brodribb, T. J., Feild, T. S., and Sack,
L. (2010). Viewing leaf structure and
evolution from a hydraulic perspec-
tive. Funct. Plant Biol. 37, 488–498.
doi: 10.1071/FP10010

Brodribb, T. J., Holbrook, N. M.,
Zwieniecki, M. A., and Palma, B.
(2005). Leaf hydraulic capacity in
ferns, conifers and angiosperms:
impacts on photosynthetic maxima.
New Phytol. 165, 839–846. doi:
10.1111/j.1469-8137.2004.01259.x

Brodribb, T. J., and Jordan, G. J.
(2011). Water supply and demand
remain balanced during leaf accli-
mation of Nothofagus cunninghamii
trees. New Phytol. 192, 437–448. doi:
10.1111/j.1469-8137.2011.03795.x

Candela, H., Martínez-Laborda, A., and
Micol, J. L. (1999). Venation pattern
formation in Arabidopsis thaliana
vegetative leaves. Dev. Biol. 205, 205–
216. doi: 10.1006/dbio.1998.9111

Delieu, T., and Walker, D. A. (1981).
Polarographic measurement of pho-
tosynthetic oxygen evolution by
leaf discs. New Phytol. 89, 165–
178. doi: 10.1111/j.1469-8137.1981.
tb07480.x

Dumlao, M. R., Darehshouri, A., Cohu,
C. M., Muller, O., Mathias, J., Adams,
W. W. III, and Demmig-Adams, B.
(2012). Low temperature acclimation
of photosynthetic capacity and leaf
morphology in the context of phloem
loading type. Photosynth. Res. 113,
181–189. doi: 10.1007/s11120-012-
9762-5

Haritatos, E., Medville, R., and Tur-
geon, R. (2000). Minor vein structure
and sugar transport in Arabidopsis
thaliana. Planta 211, 105–111. doi:
10.1007/s004250000268

Hubbard, R. M., Ryan, M. G., Stiller,
V., and Sperry, J. S. (2001). Stomatal
conductance and photosynthesis vary
linearly with plant hydraulic con-
ductance in ponderosa pine. Plant
Cell Environ. 24, 113–121. doi:
10.1046/j.1365-3040.2001.00660.x

Krapp, A., Hofmann, B., Schäfer, C.,
and Stitt, M. (1993). Regulation of
the expression of rbcS and other
photosynthetic genes by carbohy-
drates: a mechanism for the ‘sink
regulation’ of photosynthesis? Plant
J. 3, 817–828. doi: 10.1111/j.1365-
313X.1993.00817.x

Krapp, A., and Stitt, M. (1995).
An evaluation of direct and indi-
rect mechanisms for the “sink-
regulation” of photosynthesis in
spinach: changes in gas exchange,
carbohydrates, metabolites, enzyme
activities and steady-state transcript
levels after cold-girdling source
leaves. Planta 195, 313–323. doi:
10.1007/BF00202587

Layne, D. R., and Flore, J. A.
(1993). Physiological responses of
Prunus cerasus to whole-plant source
manipulation. Leaf gas exchange,
chlorophyll fluorescence, water rela-
tions and carbohydrate concentra-
tions. Physiol. Plant. 88, 44–
51. doi: 10.1111/j.1399-3054.1993.
tb01758.x

Lohaus, G., Winter, H., Riens, B., and
Heldt, H. W. (1995). Further stud-
ies of the phloem loading process in
leaves of barley and spinach – the
comparison of metabolite concentra-
tions in the apoplastic compartment
with those in the cytosolic compart-
ment and in the sieve tubes. Bot. Acta
108, 270–275.

McKown, A. D., Cochard, H., and
Sack, L. (2010). Decoding leaf
hydraulics with a spatially explicit
model: principles of venation archi-
tecture and implications for its evo-
lution. Am. Nat. 175, 447–460. doi:
10.1086/650721

Myers, D. A., Thomas, R. B., and DeLu-
cia, E. H. (1999). Photosynthetic
responses of loblolly pine (Pinus
taeda) needles to experimental reduc-
tion in sink demand. Tree Physiol. 19,
235–242. doi: 10.1093/treephys/19.4-
5.235

Nardini, A., Gortan, E., and Salleo,
S. (2005). Hydraulic efficiency of
the leaf venation system in sun-
and shade-adapted species. Funct.
Plant Biol. 32, 953–961. doi:
10.1071/FP05100

Nikinmaa, E., Hölttä, T., Hari, P.,
Kolari, P., Mäkelä, A., Sevanto,
S., et al. (2013). Assimilate trans-
port in phloem set conditions for

leaf gas exchange. Plant Cell Envi-
ron. 36, 655–669. doi: 10.1111/pce.
12004

Paul, M. J., and Foyer, C. H. (2001).
Sink regulation of photosynthesis.
J. Exp. Bot. 52, 1383–1400. doi:
10.1093/jexbot/52.360.1383

Sack, L., and Holbrook, N. M. (2006).
Leaf hydraulics. Annu. Rev. Plant
Biol. 57, 361–381. doi: 10.1146/
annurev.arplant.56.032604.144141

Urban, L., and Alphonsout, L. (2007).
Girdling decreases photosynthetic
electron fluxes and induces sustained
photoprotection in mango leaves.
Tree Physiol. 27, 345–352. doi:
10.1093/treephys/27.3.345

Vaughn, M. W., Harrington, G. N.,
and Bush, D. R. (2002). Sucrose-
mediated transcriptional regulation
of sucrose symporter activity in the
phloem. Proc. Natl. Acad. Sci. U.S.A.
99, 10876–10880. doi: 10.1073/
pnas.172198599

Walls, R. L. (2011). Angiosperm leaf
vein patterns are linked to leaf func-
tions in global-scale data set. Am.
J. Bot. 98, 244–253. doi: 10.3732/
ajb.1000154

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 15 March 2013; paper pend-
ing published: 18 April 2013; accepted:
27 May 2013; published online: 14 June
2013.
Citation: Adams WW III, Cohu CM,
Muller O and Demmig-Adams B (2013)
Foliar phloem infrastructure in support
of photosynthesis. Front. Plant Sci. 4:194.
doi: 10.3389/fpls.2013.00194
This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.
Copyright © 2013 Adams III, Cohu,
Muller and Demmig-Adams. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in other
forums, provided the original authors and
source are credited and subject to any
copyright notices concerning any third-
party graphics etc.

www.frontiersin.org June 2013 | Volume 4 | Article 194 | 7

http://dx.doi.org/10.3389/fpls.2013.00194
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive

	Foliar phloem infrastructure in support of photosynthesis
	Introduction
	Limits to acclimatory responses of fully developed leaves
	Sieve element and companion cell number are related to photosynthetic capacity in several winter-active apoplastic loaders
	Vein density, and possibly numbers of phloem cells in minor veins, are related to photosynthetic capacity in several summer-active apoplastic loaders
	Intermediary (companion) cell size and vein density are related to photosynthetic capacity in several symplastic loaders
	The infrastructure of the distribution system may set the limit on sugar flux and, thereby, sugar production capacity
	Acknowledgments
	References


